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Chapter 1

Introduction

1.1 Dye-sensitized nanoparticle systems

Harnessing solar energy e ciently has been a long-standing goal in renewable energy
research, and dye-sensitized nanoparticle (Dye-NP) systems o er a promising approach
due to their ability to e ciently absorb light and convert that energy into potential en-
ergy of charge separation. These systems consist of dye molecules bound to the surface
of wide bandgap semiconductor nanoparticles (NPs) (Figure 1.13. The dye molecules
absorb strongly in the visible region of the solar spectrum. The excited dye molecules
then transfer electrons into the conduction band (CB) of the NPs (Figure 1.2)* These
systems are utilized in solar cell applications, where sunlight is converted into elec-
tricity, and for photocatalysis, which involves using solar energy to accelerate chemical
reactions®®

The NPs are made of wide-band gap semiconductor metal oxides, such as BiZnO,
and Sn(Q,, because of their desirable properties: low cost, straightforward preparation,
stability, low toxicity, and environmental compatibility. 2 The wide band gap, typically

3 eV, is essential for photostability, as materials with smaller band gaps are prone to

photocorrosion and unsuitable for light-harvesting applications?



Figure 1.1: Schematic of a dye-sensitized nanoparticle (Dye-NP) system

Incorporating dye molecules into NP systems signi cantly enhances their light har-
vesting capabilities by extending the absorption range into the visible regiod3 16 Wide-
bandgap materials primarily absorb in the UV and shorter wavelength region.’ For
instance, TiO,, the most widely used semiconductor metal oxide in Dye-NP systems,
has a band gap (the energy di erence between the top of the valence band (VB) and the
bottom of the conduction band (CB)) of 3.2 eV 12 limiting its absorption predominantly
to the UV region, which represents only 46 of the solar spectrum. By incorporating
dye molecules, the system is able to absorb light of lower energy (longer wavelengths),
extending the region of the solar spectrum they can access. The dye-NP system also mit-
igates charge recombinatior?. Electron transfer from dyes to NPs results in the physical
separation of the electron (on the NP) and the hole (on the dye), which reduces the rate
of recombination. In addition, the electrons injected into the NP rapidly lose energy to
reach the CB minimum.'® This increases the energetic barrier for back electron transfer

to the dye, thereby reducing charge recombination.



Figure 1.2: Electron injection from photo-excited dye molecule to the nanoparticle (NP).

CB and VB stand for the conduction and valence band, respectively.

1.1.1 Advantages of using nanoparticles

One main advantage of using NPs is the large surface area they provide, which can
increase by several orders of magnitude compared to bulk materiafs'® For example, a
1 g spherical pellet of Palladium has a surface area of 0.921 émin contrast, 1 g of 1
nm diameter particles of Palladium have a surface area of 250 mwhich is 2.5 million
times that of a single sphere. Using NPs can signi cantly increase the area available for
dye molecules to bind. Increasing the number of dyes on the surface can signi cantly
increase light absorption. Additionally, changing the shape and size of the NPs alters
their properties, such as the surface-to-volume ratio and optical characteristic&’ !
Thus, altering the shape and size of NPs is a powerful tool for tuning their properties for
speci ¢ applications. At very small sizes, NPs exhibit the quantum con nement e ect,
where their size in uences their electronic propertie$? This phenomenon results in an

increase in the CB energy and a decrease in the VB energy relative to the bulk material,
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widening the band gap?® Consequently, electrons and holes generated in quantum-

con ned NPs can perform reduction and oxidation reactions that cannot proceed in

bulk semiconductors of the same materiaf.

1.1.2 Dye molecules

Desirable properties of a dye molecule include a high molar absorption coe cient, broad
absorption in the visible and near-infrared region, and high photostability?* Common
dyes used in Dye-NP systems include ruthenium complexes, triarylamine-based dyes,
and porphyrins.?®> For e cient electron transfer, the energetic alignment between the
dye-excited state and the NP conduction band is critical. The excited state energy of the
dye must be higher than the CB minimum of the NP. Furthermore, su cient electronic
coupling between the dye and the NP is crucial to achieve a high electron transfer rat®.
This coupling depends on factors such as dye-NP separation, with closer proximity gen-
erally resulting in stronger orbital interactions between the excited state of the dye and
the conduction band of the NP and higher coupling. Dye molecules are synthesized to
have groups, such as carboxylic acid (-COOH), and phosphonic acid (-PO(OH), which

enable them to bind to the NP surface and promote electronic coupling.

1.1.3 Applications

Dye-NP systems are used mainly in photocatalysf-?® and solar cell applications?®
Photocatalysis is the process of using light, usually from the sun, to speed up chemical
reactions. Photocatalysis using dye-NP systems involves using the electrons injected
into the CB to drive reactions such as water splitting %3 removing environmental pol-
lutants, 32 and reducing carbon dioxide3® Unlike traditional catalysts, dye-NP systems
rarely involve the use of strong acids, bases, and other harmful chemicals, making them
a green and sustainable choice for chemical transformatiorfg.

Dye-NPs are also used in solar cell designs, speci cally in dye-sensitized solar cells
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(DSSCs)343¢  |In DSSCs, the electrons injected into the CB are collected at a con-

ducting glass surface to generate a potential di erence, which then drives a curreri.
DSSCs o er several advantages over Silicon-based photovoltaics, including lower cost,
easier fabrication, exibility, transparency and the ability to work in lower light con-
ditions.?®> Ruthenium-based TiO, systems have achieved a power conversion e ciency
of over 1.8 Besides their applications in DSSCs and photocatalysis, dye-NP sys-
tems are also used in biomedical imagin§ (e.g., imaging tissue) and as chemical and

biosensors*©

1.1.4 Challenges

Despite their advantages, Dye-NP systems face limitations that can hinder their perfor-
mance and potential applications. Most dye molecules have a limited light absorption
range, which restricts the portion of the solar spectrum that can be utilized for en-
ergy conversion*! In addition, charge recombination in dye NP systems can lower their
e ciency. 2 Another challenge is the tendency of many ruthenium and organic dye
molecules to form aggregates on the NP surface at high dye loading. Formation of ag-
gregates can alter the electronic properties of the dye molecules, which can a ect the

excited state energetics, excited state lifetimes and electron injection rates.4°

1.1.5 Research focus

This thesis investigates electron and energy transfer processes in dye-NP systems, the
aggregation of dye molecules on the NP surface and how molecules are organized on the
the NP surface as a function of coverage. Studying energy transfer between dyes can
provide insights into the distribution of dye molecules on the NP surface. Through these
studies, the thesis aims to enhance understanding of the fundamental processes governing
dye-NP systems, including electron and energy transfer dynamics, dye arrangement on
NP surfaces, and interactions between dye molecules bound to the NPs. The theoretical

foundations of energy transfer, electron transfer, and dye aggregation presented in the
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following sections will be used to inform the interpretation of experimental results in the

subsequent chapters.

1.2 Electron transfer

Electron transfer from photo-excited dyes to NPs is a fundamental process in dye-NP
systems, playing a crucial role in applications such as solar energy conversion and pho-
tocatalysis. This section outlines the theoretical background of electron transfer.

The most important contributions to electron transfer theory came from Rudolph A.
Marcus in 1956, for which he was awarded the Nobel Prize in Chemistry in 199%:47
Marcus theory of electron transfer is based on the Franck-Condon Principle and the law
of conservation of energy. It is a diabatic theory; it assumes weak coupling between the
electron transfer partners.

The free energy curve of an asymmetrical electron transfer reaction, i.e., one in which
reactant (R) and product (P) have di erent free energy minima, is depicted in Figure
1.3. Curves R and P are approximated as parabolas. The abscissa of Figure 1.3 is the
reaction coordinate (q), which is a generalized coordinate that describes the progress
of the electron transfer reaction. It encompasses the collective changes in the nuclear
con gurations of the reactants, products, and solvent molecules during the electron
transfer process.

The free energy barrier for the reaction, G?, is given by the energy di erence
between the crossing point of the curves and the bottom of the reactant curve (Figure
1.3). Equation 1.1 shows the dependence of the barrier height, GZ, on the free energy
of reaction, GO, and reorganization energy, . Reorganization energy is the energy
associated with reorganizing the reactant and solvent nuclear con gurations to match the
product state con guration, corresponding to the free energy minimum of the product
curve, without actually transferring the electron (Figure 1.3).#8 According to Equation

1.2, an increase in the force constantf , which characterizes the quadratic free energy
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curves, as well as an increase in the separation between the reactamk( and product

(gp) minima along the generalized reaction coordinate, leads to an increase in

Figure 1.3: Free energy curves of reactant (R) and product (P) for an electron transfer

reaction.
G’= - 1+ — (1.1)

1
= 5 (R )’ (1.2)
If tunneling through the reaction barrier is ignored, the electron transfer rate constant

(ket) is given by the Arrhenius equation (Equation 1.3).

GZ

ket = A BT (1.3)

In Equation 1.3, A is the pre-exponential factor, which depends on the coupling

between the reactant and the product, T is the temperature in Kelvin, and kg is the
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GZ
Boltzmann constant. The term e *s™ represents the probability of the electron on reac-

tant or product being isoenergetic, andA represents the probability of hopping between
the reactant and the product curve at the isoenergetic point (Figure 1.3). Equations
1.1 and 1.3 indicate that the overall electron transfer rate can be expressed in terms
of the free energy of reaction, G°, reorganization energy, , temperature, T, and pre-
exponential factor, A.

Equation 1.4 is obtained by applying transition state theory to Equation 1.3, and it
shows the explicit dependence oke; on electronic coupling {/12) between the reactants
and products. The Vi, term depends on the distance between the electron transfer
partners, and as a result, it incorporates the distance dependence dfg).*°

2 e’
ket = TV12(4 k BT) ekBT (14)

N[

At a xed separation distance between the electron transfer partners, the maximum
for ket is obtained when the free energy of the reaction is equal in magnitude but opposite
in sign to the value ( G° = ), as the barrier for electron transfer ( G?) is zero
at this point (Equation 1.4, Figure 1.4). Moving away from G° = , increases G?#,
and the reaction gets slower (Figure 1.4). The right side of the parabola in Figure 1.4,
which indicates a decrease ilket as  G° gets more negative, is referred to as the inverted
region>°

Photo-induced electron transfer in Dye-NP systems takes place from discrete molec-
ular states of the photo-excited dye molecule to a continuum of acceptor states in the
NP conduction band (CB) (Figure 1.2). As a result, the ke; between the excited dye
(electron donor) and the NP (electron acceptor) is expressed as the sum of the elec-
tron transfer rates to all accessible states in the conduction band of NP and is given by

Equation 1.5.



Figure 1.4: Variation of ket with the free energy of reaction, GP°.

Z
_ 2 1 . . .2 1 ( + GO+ E)Z
ket = ) dE (E)1 f(E;Ef))jH(E)j Pre.t °F° 4K T
(1.5)

In Equation 1.5, (E) is the acceptor density of states at energ\E above the CB
edge, H(E) is the electronic coupling between the excited donor state and acceptor
energy levels with energyE, f (E;Ef) is the Fermi occupancy factor, which describes
the occupancy of the acceptor states in the CB before electron injection from the dyes,
T is temperature in Kelvin and G is the free energy di erence between the CB edge
of the acceptor and the excited state of the donor (Figure 1.5%152

The rate of electron transfer to each of the acceptor energy levels shown in Figure
1.5a varies due to di erences in the driving force, G°(E), and the density of states,

(E). Equation 1.5 shows the exponential dependence & on G%E). G°(E)=
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Figure 1.5: a) Free energy curves of reactant D*-NP (dye-NP system with photo excited
dye molecule and no electron in the conduction band of the NP) and the continuum of
acceptor states of the product, D - NP (dye-NP system with oxidized dye molecule
and electron in the conduction band). b) Change in the conduction band density of

states with energy, E.

for electron transfer to acceptor energy levels below the excited state energy of the
dye. This condition makes the argument of the exponential term in Equation 1.5 to be
equal to zero. In other words, acceptor energy levels below the excited state energy of
the dye present zero barrier for electron transfer. Consequently, the density of states at
this energy that satis es the barrierless electron transfer condition (parabola indicated in
bold in 1.5a) is expected to dictate the overall electron transfer rate. The (E) in the CB
satisfying barrierless electron transfer condition varies as the energy di erence between
the CB edge and the excited state energy of the donor (dye) is changed (Figure 1.5b).
This dependence contributes to the di erent electron transfer rates seen in di erent dye-
NP pairs. The exponential dependence oke; on  G°(E) means that there is a rapid
decline in ke; as one moves away from the barrierless electron transfer condition. In

dye-NP systems where the dye excited state is close in energy to the CBM (such as
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the PDI-COOH+ZnO system discussed in Chapter 5), the barrierless electron transfer

condition cannot be met. In such cases, Equation 1.5 predicts a signi cant barrier for

electron transfer, resulting in a very small electron transfer rate.

1.3 Aggregates and excimers

Organic molecules self-associate to form aggregates in solution and on solid surfaces due
to intermolecular attractive forces. The photophysical properties of these aggregates
di er from those of individual monomers and are strongly in uenced by the molecular
packing arrangement. Organic molecules are also known to form excimers, which are
delocalized excited states spread over multiple molecules. Chapter 4 investigates the
aggregation and excimer formation of dye molecules on NP surfaces, drawing upon the

theoretical foundation established in this section.

1.3.1 H and J aggregates

In the late 1950s, Michael Kasha used the molecular exciton model to describe how
di erent molecular packing results in aggregates with distinct photophysical properties>®

In Kasha's model, depending on the sign of Coulombic coupling between neighboring
molecules, aggregates are divided into H or J aggregates. H aggregates (named so
because of the hypsochromic shift observed in aggregate absorption) have transition
dipole moments aligned in a "side-by-side" fashion (Figure 1.6). The interchromophore
coupling is positive for H aggregates and gives absorption bands (H bands), that are
blue-shifted with respect to monomer absorption. In addition, they have enhanced non-
radiative decay rates. In contrast, J aggregates (named after Jelley, its co-discoverét)
have transition dipole moments aligned "head-to-tail" (Figure 1.6) and have negative
coupling between molecules. J aggregates give rise to absorption bands that are red-
shifted relative to the monomer absorption. In addition, they also possess enhanced

radiative decay rates, a phenomenon commonly referred to as superradiante.
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The di erences in the photophysical properties of H and J aggregates arise from the

selection rules for optical transitions. In aggregates, the excited states of the molecules
are split into excitonic levels (Figure 1.6). The optical transition from the ground state
to the lowest excitonic state is forbidden for H aggregates, while the transition to the
highest excitonic state is allowed. In the case of J aggregates, the optical transition
is allowed to the lowest excitonic state and forbidden to the highest excitonic state.
This results in the blue and red-shifted bands observed in the absorption spectra of
the aggregates. The excitonic states in H and J aggregates couple dierently with
the intramolecular vibrations, leading to di erences in the vibronic line shapes in the
absorption spectra®°¢ The 0-0 band (transition from the ground vibrational level of
the ground state to the ground vibrational level of the excited state) is enhanced in J
aggregates. In contrast, in H aggregates, it is reduced. In reality, systems that form pure
H and J aggregates are rarely found, and aggregates are commonly classi ed as H-type
and J-type based on whether the absorption spectra exhibit a blue or red shift. While
optical transitions predominantly occur to the higher excitonic state in H-type and to
the lower excitonic state in J-type, transitions to other excitonic levels also have some

probability associated with them.>#54

Figure 1.6: Excitonic splitting and allowed transitions for H and J aggregates
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In tightly packed aggregates, the molecular orbitals of the adjacent molecules overlap,

which results in short-range charge-transfer (CT) coupling. The strength and sign of CT
coupling are very sensitive to even minor displacements between neighboring molecules
as the wavefunction overlap can change drastically when one molecule moves with respect
to the other.>” CT excitons, in which there is some charge transfer between neighboring
molecules, often exhibit coupling to intermolecular vibrations and give rise to broad
absorption and emission features?

CT coupling can also facilitate H or J aggregate formation with spatial dependencies
di erent from those predicted by Kasha's model®® Interference between short-range CT
and long-range Coulombic coupling results in several new aggregate types such as Hj,
jH and Jh.57:60 Additionally, CT coupling between molecules also plays an important
role in promoting singlet ssion (SF).61:62 Hence, di erent aggregate types can exhibit

di erent singlet ssion rates.

1.3.2 Excimers

Excimers are excited states delocalized over two or more molecules. Excimers are char-
acterized by a broad, structureless emission band that is red-shifted relative to the
monomer emissior?® %4 Understanding excimer formation in aggregates is critical for
photovoltaics and organic electronics applications. Excimers can trap excitons, leading
to loss of excitation energy through excimer emission or non-radiative processes. The
competition between excimer formation and desired processes in systems, such as charge
transport and exciton di usion, can lower device performance®®>% While excimer is
often used to describe excited-state species made of chemically identical molecules, delo-
calized excited states can also be formed by chemically distinct molecules, known as ex-
ciplexes. Exciplex formation has been observed between adenine-thymine and cytosine-
guanine base pairs in DNA at low temperature$’

Excimer formation requires monomer molecules to be in close proximity( 3-3.5 A).67

Therefore, in aggregates with tight packing of molecules, excimers can form. Excimer
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formation is common in aromatic systems due to strong interactions, and the

aromatic excimer formation is known to involve CT interactions between molecule§®
Excimers (D ) are commonly represented as dimers formed from the association of a

molecule in the excited state M ) with a molecule in its ground state (M ).

M +M D (1.6)

According to Equation 1.6, an increase in excimer emission and a drop in monomer
emission quantum yield are predicted as the molar concentration dfl increases. Thus,
in solutions, excimer formation becomes more prevalent at higher concentrations, as the
probability of an excited state molecule (M ) associating with a ground state molecule
(M) is higher when there is moreM present. In Chapter 4, we study excimer formation
as a function of the e ective concentration of dyes on the NP surface.

There is also interest in the potential use of excimer emission as a means of uo-
rescence labeling of biomolecules, similar to FRET. Unlike FRET (Forster Resonance
Energy transfer, section 1.4.1), which requires a donor-acceptor pair, excimer emis-
sion o ers the advantage of using a single chromophore. This, combined with the long
lifetimes and large Stokes shifts characteristic of excimer emission, opens up potential
applications in biosensing and bioimaging©8-6°

The role of excimer states in SF has been a subject of debate. Some studies, such as
the computational work on the SF mechanism in diketopyrrolopyrrole and rylene deriva-
tives, have suggested the role of the excimer state as an intermediate in the SF procéSs.
However, other studies have found excimer formation to inhibit SF. For instance, a pre-
vious study using a tetracene derivative showed that the formation of excimer states can
hinder endothermic SF by acting as an exciton trap state’! A more recent work on
intramolecular SF in pentacene dimers reported that the dimer con guration promoting
strong electronic coupling between monomers resulted in excimer state formation and
had a low SF yield/? Thus, the impact of excimer states on SF remains complex, necessi-

tating further investigation to fully understand their role in di erent molecular systems.
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Investigating the formation and dynamics of excimer states can provide valuable insights

into their role in the SF process.

1.4 Energy transfer

Energy transfer involves the transfer of excitation energy from one molecule (the donor)
to another (the acceptor). Energy transfer plays a critical role in light-harvesting, where

it often competes with other excited-state processes, such as electron transfer. Energy
transfer between molecules depends on various factors, including the distance between
molecules and their relative orientation. Chapter 5 studies the energy transfer between
dye molecules to gain insight into the distribution of dyes on the NP surface. The
primary mechanism used in Chapter 5 is Forster resonance energy transfer (FRET),

which is discussed in detail here.

1.4.1 FOrster resonance energy transfer (FRET)

Forster resonance energy transfer (FRET), often referred to as “spectroscopic ruler’, is
a powerful tool for measuring distances between molecules in the nanoscale. FRET
is extensively used in biology to study the structure and dynamics of macromolecules
such as DNA and proteins’>74 Additionally, it nds applications in elds such as
nanotechnology?!® imaging,” and polymer science’® .

Forster resonance energy transfer is an inductive process that transfers energy from
an excited donor molecule to an acceptor molecule. For FRET to occur, the emission
spectrum of the donor and the absorption spectrum of the acceptor need to overlap to
conserve energy.

The FRET rate constant, kereT , is given by the Equation 1.7.

1 Rg °

Keret (1) = - T (1.7)

In Equation 1.7, p is the excited donor lifetime in the absence of the acceptor,
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Figure 1.7: Simpli ed diagram of Forster energy transfer

is the distance between the donor and the acceptor, an®q is the Forster radius. The
Forster radius, Ry, is the distance at which FRET is 504 e cient. At this distance, half

of the excited donor molecules decay by FRET, and the other half return to the ground
state via other radiative or nonradiative decay processes. The typical range of Forster
radius is between 2 and 6 ni.’

The FRET e ciency ( Efret ) is de ned as the fraction of the excited donor molecules
that transfer energy to the acceptors. For e cient FRET to occur, energy transfer needs
to be faster than the donor's decay rate. Equation 1.8 expressdSgret in terms of
Krrer and p.

Keret (1)

Errer = (1.8)
o1+ Kerer (r)

Equation 1.8 is obtained by substituting keret using Equation 1.7.

6
_Rg
RS+ r6

Equation 1.9 shows that FRET e ciency is strongly distance-dependent. For in-

ErFrer = (1.9

stance, forr = 0:1Rg, FRET is > 99 % e cient. On the other hand, when r = 2Ry,
e ciency is only 1.54%.
The FRET rate constant (kereT ) can also be expressed in terms of the spectral prop-

erties of the donor and acceptor using the Férster theory of excitation-energy transfef®
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According to this theory, the rate constant for energy transfer between a donor and

acceptor separated by a distance is given by Equation 1.10.

Z
‘ (1) = Qp 2 9000(n10) ~ 1
FRETA/ ™ 7r6 128 5Nn4

In 1.10, Qp is the uorescence quantum yield of the donor in the absence of any

Fo( )"a( ) *d (1.10)

acceptors,n is the refractive index of the solvent medium,N is Avogadro's number, p
is the uorescence decay time of the donor with no acceptor present,n is the molar
absorptivity of the acceptor at wavelength , Fp( ) is the corrected emission intensity of
donor between and +d , where the correction normalizes the uorescence intensity
such that the total area under the spectrum equals 1. 2 is the orientation factor,
de ned by the relative orientation of the transition dipole moments of the donor and the
acceptor.

The integral on the right-hand side (RHS) of 1.10 is called the overlap integral
J( ), and it describes the overlap between the donor emission spectrum and the absorp-
tion spectrum of the acceptor. According to Equation 1.10, the rate of energy transfer
increases with overlap, o ering an easily measured factor in predicting rates. The ori-
entation factor, 2, is another main factor determining keret . Based on the relative
orientation of the transition dipole moments of the donor and the acceptor, 2 can take
values between 0 (perpendicular transition dipoles) and 4 (collinear transition dipoles).
For most calculations, a value of 23 is assumed. This value (23) is derived for a donor
and acceptor distribution with random orientations of their transition dipole moments.
The assumption of 2 = 2=3 is considered satisfactory for systems where donors and
acceptors can move freely (solution-based measurements). Howevefl = 2=3 cannot
be used when the donor-acceptor relative orientation is xed or restricted,? or when r
is very small, as higher-order multipolar interactions become increasingly signi cant at
very short distances!’ Therefore, in dye-NP systems, where dye molecules are bound
to the NP surface, there are orientational restrictions that need to be considered while

calculating 2. Equation 1.10 is used to determine the distance between the donor and
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the acceptor by measuring the rate and either measuring or reasonably estimating the

other ve factors on the RHS of the equation. As FRET is highly distance dependent,
energy transfer between donors and acceptors distibuted on NP surfaces is highly de-
pendent on the spatial arrangement of molecule®? This characteristic makes FRET a

potentially powerful method for analyzing dye distribution on the NP surface.

1.5 Overview

This thesis presents a detailed study of various dye-NP systems with the aims to enhance
understanding of electron transfer between dyes and semiconductor metal oxide NPs, as
well as the distribution and aggregation of dye molecules on the NP surface.

The research employs colloidal nanocrystals (NCs) of metal oxides with narrow size
distributions. These colloidal NCs are a specic type of NPs-tiny crystalline parti-
cles dispersed in a liquid medium. Colloidal NCs o er advantages over nanocrystalline
thin Ims by reducing surface heterogeneity and allowing more uniform packing of dye
molecules. In addition, colloidal NCs enable control over the surface coverage of the
dyes. By changing the dye:NC ratio, systems with di erent surface coverages can be
created. Hence, these systems are useful for studying processes such as electron trans-
fer in the absence of dye-dye interactions (low coverage) or dye aggregation on the NC
surface (high coverage). The use of colloidal NCs also enables control over the optical
density (OD) of the dye + colloidal NC samples, which provides access to insightful
spectroscopic measurements.

Chapter 3 studies electron transfer from dyes to Indium oxide (IrO3) NCs. In,03
has a lower conduction band minimum, compared to ZnO or TiQ, allowing it to access
low-lying singlet and triplet states. Dye molecules previously studied with ZnO NCs are
used to gain a fundamental understanding of electron transfer dynamics to iD3 NCs
and to compare them with ZnO NCs.

Chapter 4 explores the aggregation of a perylene diimide (PDI) derivative on ZnO NC
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surface. Due to PDI's large -surface area, binding to ZnO NC promotes aggregation.
Varying the PDI:ZnO NC ratio alters the degree of aggregation, enabling the study of
molecular organization as a function of surface loading.

Chapter 5 focuses on understanding dye distribution on NC surface, which is es-
sential for designing better systems for processes like singlet ssion (SF) that involve
interchromophoric interactions. Using a combination of spectroscopic techniques and
Monte Carlo simulations, FRET between donor-acceptor pairs bound to NCs is studied.
The energy transfer dynamics between the donor and the acceptor were analyzed to gain
insights into the distribution of molecules on the NC surface.

Chapter 6 examines the impact ofn-doping on the electron transfer dynamics in
dye-NC systems. The same dyes as in Chapter 3 are used. Dye + Tin (Sn)-doped,(D3
(ITO) NCs are studied to understand how doping impacts electron transfer from dyes
to NCs and the back electron transfer from NCs to dyes.

All dye molecules used to create the dye-NC systems in these studies had carboxy-
late end groups for binding to the NCs. Steady-state and time-resolved measurements
(TCSPC and pump-probe techniques) were employed to analyze the systems. Detailed
descriptions of the experimental setups for the time-resolved techniques are provided in

the next chapter.



Chapter 2

Experimental

The two main techniques used to probe the excited state dynamics of the dye-NC systems
in this thesis are pump-probe spectroscopy and time-correlated single photon counting
(TCSPC). This section presents the relevant theory and experimental setup of both

techniques.

2.1 Pump-probe spectroscopy

Ultrafast transient absorption spectroscopy (TA) or pump-probe spectroscopy is a pow-
erful non-linear spectroscopic technique employed to investigate the dynamic behavior
of molecules in their excited states. The theoretical background of the technique and a

detailed description of the pump-probe setup are discussed here.

2.1.1 Theory

This technigue uses two laser pulses: a pump and a probe (Figure 2.1). A pump is a
short, high-energy pulse that is used to excite molecules from their ground state to a
higher-energy electronic state. A probe pulse, which is a broadband and weaker pulse,
is sent through the sample with a time delay of relative to the pump pulse to monitor

the pump-induced changes in the sample.

20
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Figure 2.1: Schematic of a pump-probe experiment setup. The pump and probe pulses
are incident and cross at the sample. After passing through the sample, the pump
is blocked. A spectrometer separates the wavelengths, and the probe then enters the

detector.

In pump-probe experiments, the signal is measured as the change in the optical
density as a function of wavelength ( OD( )). Optical density (OD) is de ned as the
negative of the logarithm (base 10) of transmittance T), where transmittance is the
ratio of the intensity of light after passing through the sample (1) to the incident light
intensity (1,) (Equation 2.1). The OD spectrum is obtained by subtracting theOD of
the sample with only the probe incident on it (ODpymp o ) from the OD of the sample
with both pump and probe incident on it (OD pymp on), @s shown in Equation 2.2%1 By
changing the delay between the two pulses (), the OD spectrum can be obtained
at di erent relative time delays, providing insights into the dynamics of the excited

molecules.

OD = log(T)= log (2.2)

o
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OD = ODpump on ODpumpo (22)

Di erent processes contribute to the OD spectrum (Figure 2.2). They can have
positive or negative signs and provide complementary or redundant information. Some-
times, these signals overlap, complicating interpretations. The most common of these
are:

1. Ground state bleach (GSB): The number of molecules in the ground state de-
creases after the pump pulse passes through the sample. Consequently, the ground-state
absorbance of the excited sample is lower than that of the ground-state sample, resulting
in a negative contribution to the OD spectra that have the same spectral shape as the
ground-state absorption spectra of the molecule. Tracking the GSB signal can reveal
how fast the excited molecules return to their ground state, providing information on
the lifetime of the excited states. Analyzing the GSB decay kinetics can also provide
information on the presence of additional deactivation pathways of the initial excited
state. A GSB decay that is signi cantly slower than the molecules' excited state lifetime
could indicate the formation of hew molecular species or long-lived intermediates.

2. Stimulated emission (SE): When the probe pulse passes through the excited
sample, it induces some molecules to emit a photon and return to the ground state.
Stimulated emission increases the number of photons reaching the detector, resulting
in a negative peak that mirrors the molecule's uorescence spectrum. By tracking this
signal over time, the uorescence lifetime can be determined. As the amplitude of the
SE signal is proportional to the population of the initial excited state created by the
pump, monitoring changes in the amplitude can reveal the decay kinetics of the excited-
state population and can indicate the presence of additional decay routes, such as energy
transfer or electron transfer.

3. Excited state absorption (ESA): Molecules excited by the pump may absorb
speci ¢ wavelengths of light from the probe to populate higher excited states, resulting

in a positive signal. Studying the ESA signal can indicate how long the molecule stays
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Figure 2.2: Contributions of various processes to the observedOD signal in a pump-
probe experiment. The detected signal (black bold line) is the sum of all the di erent

contributions.

in the excited state and provide insight into the subsequent transitions of the excited
state or the photochemical reactions it undergoes.

4. Product Absorption (PA): Excited molecules may undergo reactions, leading to
the formation of new molecular states such as triplet states or radical cations/anions.
When they get excited by the probe pulse, it results in a positive signal. Product
absorption indicates the presence of a new species and can help identify the nature of
the species formed. For instance, using spectroelectrochemistry measurements, we can
determine if a PA signal belongs to a radical cation or anion of a molecule.

The OD spectrum obtained is the sum of all these contributions (Figure 2.2). By
analyzing the OD spectrum at di erent time points, valuable insights can be gained

on the ultrafast electronic dynamics of the dye-NC systems.
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2.1.2 Experimental setup

Laser system

Experiments were performed using a home-built laser systeh.The four main compo-
nents of the laser system are an oscillator, regenerative ampli er, stretcher, and compres-
sor. The oscillator is where the laser pulses are generated. In the oscillator laser cavity, a
532 nm, continuous-wave (CW) neodymium-doped yttrium orthovanadate (Nd:YVO4)
laser (Spectra-Physics Millenia) is used to pump a Ti:sapphire crystal (Figure 2.3). Kerr
lens mode-lockindg? 82 in the crystal results in laser pulses centered at 800 nm with 50
nm FWHM and 87 MHz repetition rate.

The laser beam passes through a pair of silica prisms to compensate for dispersion.
The laser pulse then enters the stretcher, where it is stretched in time to 100 ps using a
pair of gratings (Figure 2.3)84 This reduces the peak power of the pulse, ensuring that
the optics are not damaged during the ampli cation process.

Ampli cation in the regenerative ampli er (regen) & is achieved using another laser
cavity (Figure 2.3). The regen is pumped by a 10 W Nd-doped yttrium lithium uoride
((Nd:YLF) (Empower, Spectra-Physics) laser. A seed pulse from the oscillator is chosen
from the 87 MHz pulse train at the 1 kHz repetition rate of the Nd:YLF laser. The
seed laser gains power through stimulated emission (SE) each time it passes through
the Ti:sapphire crystal in the cavity. Once ampli ed, the pulse is ejected from the
laser cavity using a combination of Pockel cells (Thales Laser MEDOX) and a thin Im
polarizer (Figure 2.3)86

The ampli ed pulse, with a power of 1 W, then enters the compressor (Figure 2.3),
where it is compressed in time from 100 ps to approximately 65 fs using a pair of re ective

gratings .8’
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Figure 2.3: Schematic of laser system. TS, Ti:Sapphire crystal; CM, curved mirror;
L, lens; BE, Beam expander; FR, Faraday Rotator; WP, waveplate; FM, Flat mirror;
FR, Faraday rotator; PPC, Pockels cell, PBS, polarizing beam splitter; TFP, thin- Im

polarizer. Figure taken from Underwood. et. alt
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NOPA

A noncollinear optical parametric ampli er (NOPA), 8889 was used to generate pump
pulses of the desired wavelength. A diagram with the optical layout of the NOPA is
presented in Figure 2.4. The 800 nm pulse, entering the NOPA from the compressor,
is split into two beams. One beam is frequency doubled using a barium borate (BBO)
crystal, labeled BBO1 in Figure 2.4, to form the 400 nm pump, while the other beam

generates a white light continuum.

Figure 2.4: NOPA setup. Legend: WP, wave plate; P, polarizer; BS, Beam splitter; L,
Lens; PM, Parabolic mirror; FM, Focusing mirror, RR, retrore ector; G, glass. Optics

unlabeled are all mirrors.

The 800 nm beam for white light generation rst traverses a retrore ector (Figure 2.4)
mounted on a mechanical delay stage. This stage can be moved to vary the optical path
length and, consequently, the time delay. The beam then passes through a waveplate-
polarizer pair, which attenuates the laser power and sets the polarization. Finally, white
light is generated by focusing this beam onto a 2 mm sapphire plate.

The white light generated is then focused onto a barium borate crystal (BBO2 in
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Figure 2.4). The 400 nm pump beam is spatially and temporally overlapped with the

white light in the BBO2 crystal, where the non-linear optical properties of the crystal
amplify speci c colors depending on the time delay between the two beams and the angle
of the crystal. The beam from the NOPA is compressed in time using a prism pair, and
the output beam is then ready for use in experiments. The typical output pulse from
the NOPA has a spectral bandwidth (gaussian, FWHM) of approximately 10 nm and a
temporal duration (gaussian, FWHM) of 60 fs.

Pump and probe line

The pump and probe setup are shown in Figure 2.5. The 800 nm laser output of the
compressor is split using a beam splitter, with one beam entering the NOPA to form the
pump line and the other forming the probe line.

The pump beam from the NOPA traverses a retrore ector (Figure 2.5). The retrore-
ectors in the pump and probe line are set on mechanical delay stages controlled by a
computer. These stages can be moved back and forth to vary the optical path length,
which changes the pump-probe delay and allows data to be collected at di erent relative
time delays. Every other pump pulse is blocked as the pump beam passes through a
mechanical chopper. The pump then passes through a waveplate-polarizer pair, which
enables control over polarization and intensity before being focused onto the sample
using a lens.

The probe line is directed into the retrore ector using mirrors. The probe pulse
passes through the retrore ector four times, enabling pump-probe delay times of up to
3.5 ns. The probe line then passes through a waveplate-polarizer pair, which is used
to control the intensity and polarization of the beam. It is then focused onto a 2 mm
sapphire crystal plate for white light generation with wavelengths ranging from 420 to
800 nm.

The pump and the probe were linearly polarized and set at an angle of 5&.Telative

to each other. The probe line is collimated using a parabolic mirror, and using a second



28

Figure 2.5: Pump and probe setup for the experiment. Legend. BS, beam splitter; RR,
retrore ector; WP, waveplate; P, polarizer; L, lens; PM, Parabolic Mirror. Unlabeled

optics are mirrors.

parabolic mirror, it is focused onto the sample. The probe is spatially and temporally

overlapped with the pump at the sample. After passing through the sample, the pump

light is blocked, and the probe is detected using a linear photodiode array (Hamamatsu
S3902-256Q) after passing through a monochromator (Princeton Instruments SP2150i
monochromator, 150 lines/mm).

As every other pump pulse gets blocked by the chopper wheel, the frequency of
the pump becomes half that of the probe. The optical density di erence ( OD) was
measured for each pair of temporally adjacent probe pulses by subtracting th®D of
the sample with and without the pump. By changing the pump-probe time delay using
the mechanical stage, the OD spectrum was measured at a series of time delays. The
di erence spectrum for each scan was obtained by averaging the OD spectrum from
5000 pulse pairs at each time delay. This technique enables the measurement of changes
in OD induced by the pump over a spectral range of 450-750 nm with 100 fs time

resolution, extending to a maximum time delay of 3.5 ns.
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2.1.3 Sample handling

A peristaltic pump was used to ow the samples during pump-probe measurements
at a ow rate of 0.8 mL/min through the cuvette to reduce photo-degradation that
might occur during the measurements. The absorption spectrum of the sample was
recorded before and after the pump-probe measurement to check for any evidence of
photo-degradation. The sample was degassed by owing nitrogen through it for 3-4

minutes before the measurements.

2.1.4 Data processing

After data acquisition, the raw pump-probe data undergoes several processing steps to
create the nal OD spectra which is then analyzed.

Baseline Correction . This step involves selecting a negative time point (a time
point at which the probe precedes the pump) and subtracting theOD spectra at that
point from the entire data set. This process eliminates non-pump dependent signals such
as scattering and spontaneous emission from the molecules, allowing for the isolation and
analysis of the changes induced by the pump.

Averaging . Multiple scans of each sample, measuring changes @D as a function
of time, are collected. The scans are then averaged to minimize noise and improve
the signal-to-noise ratio. While collecting more scans leads to a better signal-to-noise
ratio, the trade-o between improved signal-to-noise ratio and experiment duration must
be considered.

Wavelength Calibration . This step allows recalibration of the recorded wave-
length to the true wavelength. A series of calibrated bandpass lters, each transmitting
a narrow range of wavelengths (10 nm), are placed in front of the detector. The probe
spectrum is recorded for each Iter, and this data is used to create a calibration curve.

The calibration curve is then applied to the raw spectral data, ensuring the results are
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consistent and comparable. Without proper calibration, the data would exhibit wave-

length shifts, which would lead to the reported spectra having incorrect wavelength.
Chirp Correction . Chirp refers to di erent spectral components of light traveling
at di erent speeds, resulting in a temporal spread of the pulse. Optical elements such
as lenses can induce chirp, causing di erent frequency components of the pulse to reach
the sample at di erent time points. This leads to loss of temporal resolution across
the spectrum. Chirp correction corrects the temporal smearing of the measured signals
caused by chirp-induced pulse broadenin® To correct the chirp, data at short time
delays (between -1 and 1 ps) is analyzed to obtain a chirp curve. This chirp curve, which
is described by a quadratic equation in the energy domain, is then used to correct the
recorded data, e ectively ensuring the signals at di erent wavelengths rise together at

time zero.

2.1.5 Data analysis and tting models

Rate constants for excited state processes are determined by analyzing the time-dependent
change in  OD at speci ¢ wavelengths, selected based on the spectroscopic features of
the species of interest. The mathematical model used for tting depends on the complex-
ity of the excited state dynamics. This thesis employs the use of the following functions
for tting data;

Monoexponential Fit . For a single-step, rst order process,R! P, the time-

dependent change in signal amplitude can be described by the function:

A(t) = Age © (2.3)

where,
A(t) is the amplitude at time t,
Ao is the amplitude at t=0,

is the time constant.
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Multiple Exponential Fit . A multi-exponential t involves a sum of exponentials.

The time dependent amplitude change represented by a multiexponential function with

n terms is given by,

At)=  Age ¥ (2.4)

where,

n is the number of exponential terms,

Aoi is the initial amplitude of the i-th term,

i 1s the time constant of the i-th term.

Each exponential term represents a di erent excited state pathway with its own time
constant. For example, a bi-exponential function (Equation 2.5) can be used to describe
the excited state dynamics of specieR simultaneously decaying to productsP and Q.

RI'" P

RI'? Q

A(t) = Apre Sy Aogoe =2 (2.5)

Sequential Kinetics Fit . In a sequential kinetics process, the system undergoes
consecutive changes, each described by an exponential. A two-step sequential process
can be represented asR !k1 P !k2 Q, where k; and k, are the rate constants of the
individual rst-order processes.

The following di erential equations express the rate of change in concentrations of
R,P and Q:

d[R]

a - KRl (2.6)

dP] _

g - KRl k[P] (2.7)



32

d[Q] _
5 = kelP] (2.8)

For tting data using this model [R],[P] and [Q] are expressed as(t)R, p(t)P and
q(t)Q, respectively. Here R, P, Q are the weights andr (t), p(t), q(t) are time-dependent
coe cents that are restricted to values between 0 and 1, with their sum always equal
to 1. Equations 2.6, 2.7 and 2.8 are used to solve far(t), p(t), q(t) and i1, », where

1= % and = %

All data analysis was performed in MATLAB. For tting, the data is convoluted
with the instrument response function (IRF) to account for the temporal resolution of

the experimental setup.

2.2 Time correlated single photon counting (TCSPC)

A PicoQuant diode laser was used to generate a 470 nm, 20 MHz beam with an energy
of 24 pJ per pulse. The laser beam was directed toward the sample using a series of
mirrors. Front-face uorescence from the sample was collected using the setup depicted
in Figure 2.6.

The sample was translated to optimize re ection from the o -axis parabolic mirrors
PM1 and PM2. Mirrors M1 and M2 were used to direct the emission through a lens,
L, with a focal length of 10 cm. Lens L collimated the beam before it entered the
monochromator. The monochromator was used to select the wavelength of the emission
measured. A lter with a cut-o wavelength of 500 nm was used to block the scattered
470 nm excitation beam from reaching the detector. The uorescence was detected
using an avalanche photodiode. Emission from the excited samples were collected at 530
nm and 620 nm. The instrument response function (IRF) was measured to be 478 ps

(Gaussian, FWHM).
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Figure 2.6: TCSPC setup. Legend. L, lens; PM, Parabolic Mirror; M, Mirror.

2.2.1 TCSPC - Theory and Data analysis

TCSPC measures uorescence lifetimes by detecting single photons emitted by a sample
following excitation by a laser pulse. When a photon arrives at the detector, its arrival
time is recorded relative to the excitation pulse. These arrival times are then used to
construct a histogram that represents the temporal decay pro le of the molecule.

In TCSPC measurements, keeping the emission level low ( 1 photon detected per
laser shot) is essential to prevent the pile-up e ect?? The pile-up e ect occurs when
multiple photons arrive at the detector during the same excitation cycle. The clock stops
after the detector detects the rst photon, biasing the measurement towards early time
points and leading to the measured lifetime of the molecule being lower than the true
value.

As an example, Figure 2.7 shows the TCSPC decay pro le of the dye Coumarin 153
(C153) in ethanol, collected at 530 nm following excitation at 470 nm. For tting the
TCSPC data, it is convoluted with the IRF. Fitting the decay with a mono-exponential

function (Equation 2.3) yielded a time constant of 4.56x 0.01 ns, which aligns well with
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Figure 2.7. TCSPC uorescence decay pro le of C153 dye (blue dots) excited at 470 nm
with emission collected at 530 nm, along with the corresponding t (solid black line).

The IRF is represented by the dotted black line).

the reported uorescence lifetime of 4.5 n$?

2.2.2 Complementary nature of information provided by TCSPC and

pump-probe techniques

Pump-probe spectroscopy uses ultrashort femtosecond laser pulses, while TCSPC uses
picosecond pulses. The maximum time delay achieved with the pump-probe setup de-
scribed in the preceding section is 3.5 ns, while the TCSPC technique can measure data
up to 40 ns. Therefore, by using pump-probe techniques, information can be gained on
the fast dynamics (fs-ps), while TCSPC can provide information on slower processes oc-
curring in the system. Thus, when used together, they can provide a more comprehensive

picture of the excited state dynamics of the sample studied.



Chapter 3

Electron Transfer to Indium Oxide

Nanocrystals

3.1 Introduction

Dye-nanocrystal (NC) systems, which consist of dyes bound to nanocrystals of wide
bandgap semiconductor metal oxides, are used in light-harvesting applications such as
dye-sensitized solar cells (DSSCs), where they convert light into electricity, and photo-
catalysis, where they accelerate chemical reactior’S. In Dye-NC systems, dye molecules
get excited upon absorbing light and then transfer an electron from its lowest unoccupied
molecular orbital (LUMO) to the CB of the metal oxides.
This work investigates electron transfer to Indium oxide (I,O3) NCs. In,O3 has

a lower conduction band minimum (CBM) compared to commonly used semiconductor
metal oxides such as ZnO and TiQ.%49 This lower CBM allows In,03 to access lower
energy excited states, potentially enabling the utilization of longer wavelength photons.
However, the lower CBM can also lead to reduced e ciency when using dyes that typi-
cally inject electrons into ZnO or TiO» due to a larger energy mismatch between the dye

excited state and the In,O3 CBM.% Conversely, this lower CBM can be advantageous

35
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with dyes possessing low-lying excited states, as it enables electron injection from dyes

that absorb at longer wavelengths and cannot inject into ZnO or TiG,.

In addition, In 2O3's low CBM could also enable it to harness triplet states. Triplet
states have long lifetimes and di usion lengths making them interesting candidates for
light harvesting. This capability of In O3 is especially relevant in the context of singlet
ssion (SF), an exciton multiplication process that produces two triplet states from
an excited singlet, providing an e ective way to harness high-energy photon’ The
law of conservation of energy limits the energy of these triplets to half the energy of
the singlet, so, to harness SF in Dye-NCs, the metal oxide CBM must be low enough
to accept electrons from the triplet states. This makes 1nO3 a likely canditate to
use for such applications. For instance, triplets formed via SF in perylene diimide
(PDI) have energie$® that are too high to inject into the CB of ZnO or TiO , but
are suitably positioned above the CBM of InO3, making electron transfer to In,O3
potentially feasible.

Only a few studies have explored electron transfer dynamics in dye- @3 systems,
most of which focused on nanocrystalline thin Ims of In,03.221%1 Studies have com-
pared electron transfer to various metal oxides from dye molecules such as rhodamine
and Ru complexes, nding that injection times to In,O3 were similar to SnQG, and faster
than Zn0.102.103 Thjs similarity was explained by the comparable conduction band (CB)
density of states of Ib,O3 and SnG,, and the di erences in the CB density of states be-
tween In,O3 and ZnO. Additionally, transfer to In O3 lacked the 100 fs time constant
that dominated electron transfer to TiO,, which was attributed to di erences in the CB
density of states1%® While the use of nanocrystalline thin Ims for these studies o ers
advantages such as device fabrication, it is complicated by surface heterogeneity. These
studies are often conducted at high dye loading, creating di erent microenvironments
where dye molecules are packed di erently, resulting in electron transfer following multi-
exponential decay kinetics. The use of colloidal metal oxide NCs can reduce much of

this heterogeneity, and recent developments have made it possible to synthesize colloidal
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NCs of In,O3 with narrow size distributions.104 106

This study aims to gain a fundamental understanding of electron transfer to 1nO3
using colloidal NCs and dye molecule& and 2 (Figure 3.1). Experiments were conducted
at low dye loading (i.e., low dye-to-NC ratio) to minimize dye aggregation. The use of
dyes 1 and 2, which have been previously studied with colloidal ZnO NCSs, enables
a direct comparison of electron transfer dynamics and can enhance understanding of
electron injection to In,0O3. This understanding will inform future studies using dye

molecules with lower energy excited states.

Figure 3.1: Structure of dye molecules

3.2 Experimental section

3.2.1 Synthesis

Synthesis of (E)-2-cyano-3-(5-(4-(diethylamino)phenyl)thiophen-2-yl)acrylic Acid (1) and
(E)-2-cyano-3-(5-(4-(diethylamino)phenyl)furan-2-yl)-acrylic Acid ( 2) have been reported
previously? Oleic acid capped InO3 (NCs) were prepared following the method reported
by Hutchison et al.1%6-197 prepared NCs were analyzed using transmission electron mi-
croscopy (TEM) and X-ray diraction (XRD) to determine their size distribution and
morphology. The diameter of the particles was determined to be in the range 9.0 - 10.2
nm (Figure A.1). Samples for spectroscopic measurements were prepared using@3

NCs dispersed in dichloromethane (DCM). DCM (GC/MS grade, Fisher Scienti c) was
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used as received.

3.2.2 Adsorption isotherms

Ten solutions of dye moleculesl and 2, each with a concentration between2:8 10
Mto 42 10 ° M, were made in DCM. Ten more solutions, each ofl and 2, with the
same dye concentrations as above, were prepared, after which 46 of 1:1 10 > M
stock solution of In,O3 NC was added to each. The emission spectra of all solutions were
collected, and the intensity of the emission spectra of dye solutions with and without

NC were compared to create a Langmuir adsorption isotherm.

3.2.3 Ultrafast pump probe measurements

A detailed description of the pump-probe setup is presented in section 2.1. A noncollinear
optical parametric ampli er (NOPA) was used to generate a pump pulse centered at 500
nm and 10 nm wide (Gaussian, FWHM). The pump power at the sample was between
25-30uW, and it was focused to a spot of diameter 17Qum (Gaussian, FWHM). The
instrument response time was 110 fs (Gaussian, FWHM).

Samples ofl, 2, and dye + In,O3 NCs for pump-probe measurements were prepared
in DCM. A solution of 1 + In,03 NC of 2:1, dye:NC ratio was prepared by mixing 4
mlof 221 10 2 mM In,03 NC solution with 0.235 ml of a7:3 10 1 mM solution of
1. Similarly, a 2:1 solution of dye2 + In 03 NCs was prepared by combining 0.224 mi
of a7:3 10 ! mM solution of 2 with 4 ml of a 221 10 2 mM In,03 NC solution.
The absorbance spectra of the samples were recorded before and after the pump probe
measurement. The optical density (OD) at 500 nm in a 1 mm path length cuvette ranged

between 0.09 and 0.14 for all the samples.
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3.3 Results

3.3.1 Adsorption isotherms

The Langmuir adsorption isotherms for moleculesl and 2 are presented in Figure 3.2.
The emission spectra of1,2,1 + In ,03 NC and 2 + In ,03 NC used to create the ad-
sorption isotherms are shown in Figures A.3 - A.6.[dy€leq, Which is the equilibrium
concentration of unbound dyes in solution, was obtained by comparing the emission
intensity of the samples with and without NCs. [dye€]eq calculation is based on the as-
sumption that dyes bound to the NC do not uoresce. Therefore, the emission quenching
observed in the dye+NC sample relative to the dye sample of the same concentration but
without NCs was used to quantify [dyeleq. A competitive Langmuir adsorption model

(Equation 3.1) was used to t the data.%8

Figure 3.2: Adsorption isotherm for 1 (blue) and 2 (black) on a 9 nm In,O3 NC, mea-
sured by Mik Patel. The solid line is the t obtained using the Langmuir adsorption
model. TheKg (M 1), K¢ (M 1), and mol®S with associated errors (in parentheses)

are shown in the inset.

dye — moldye K d[dye]eq
ads max 1+ K dldy€leq + Kc[capleq

In Equation 3.1, [capleq is the concentration of unbound oleate at equilibrium, which

mol

(3.1)
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equals the equilibrium concentration of bound dye since the dye molecule upon bind-
ing, replaces an oleate. The concentration of bound dye is obtained by subtracting
the equilibrium concentration of unbound dye from the initial concentration of the dye
([dy€linitial - [dy€leq)- molg‘ég is the number of moles of the dye adsorbed on the NCs,
which is determined byV X ( [dy€liniia - [dy€leq), Where V is the solution volume. K4
is the equilibrium binding constant of the dye, K is the equilibrium binding constant
of the capping group (oleate), andmolf’nyaeX is the maximum moles of dyes that can bind
to the NCs for a given[dy€eleq and [capleq. Fitting data for 1 and 2 using equation 3.1
yields Ky, K¢ and moldmyfx (shown in the inset in Figure 3.2). Figure 3.2 shows that

moldmy§x, K¢ and K 4 were similar for 1 and 2 bound to In,O3z NCs.

3.3.2 Pump-probe measurements

The pump-probe spectra of1 and 2 in DCM were measured to quantify their excited
state dynamics in the absence of any interactions with the NCs. The full frequency
pump-probe spectra of 1 and 2 following excitation at 500 nm are shown in Figure
3.3a,b. The prominent negative band at wavelengths longer than 575 nm is attributed to
stimulated emission (SE) as the spectral pro le follows the emission spectra df and 2.
At shorter wavelengths, an overlap of the ground state bleach (GSB) and transient
absorption (TA) is observed. For 2, the SE amplitude at 625 nm was tted with a
mono-exponential function to obtain an excited-state lifetime of 1862.4 70.9 ps (Table
3.1, Figure 3.3e,f). An additional exponential was needed foll to obtain a good t.
Fitting with a bi-exponential function yielded two-time constants, 2433.6 + 138.7 ps (1)
and 83.0+ 13.4 ps (), with ; assigned as the lifetime based on its similarity to the
excited-state lifetime of 2 and the nanosecond lifetimes typically observed for organic dye
molecules. The shorter » may represent solvent reorganization or vibrational relaxation.
Pump-probe data for 2:1 solutions of dye:lnO3 NC, shown in Figure 3.3c,d, are
visibly di erent from those of 1 and 2. The SE amplitude approaches the baseline

within the rst 5 ps. Additionally, the full recovery of GSB is not observed within
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Figure 3.3: Pump probe spectra of (a)l, (b) 2, (c) 1 mixed with 0.5 equivalents of
In,03 NC (d) 2 mixed with 0.5 equivalents of I,O3 NC. Data and ts of () 1 and 1 +
In,0O3 NC NCs (f) 2 and 2 + In ;03 NC NCs. The probe wavelength is at 625 nm for

all samples. Optimized parameters obtained from the ts are presented in Table 3.1

the maximum measurable pump-probe time delay of 3.5 ns. A TA component centered

around 540 nm is observed to grow in and persist for longer than the maximum time
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delay of the experiment. This TA peak indicates the presence of a new long-lived species

and is assigned to the absorption of cations ol and 2 based on spectroelectrochemical
measurements reported previously. The SE amplitude at 625 nm was tted using a
single exponential function to obtain time constants of 1.83 0.03 ps forl and 1.41+

0.05 ps for2 bound to In,03 NCs. (Table 3.1)

Table 3.1: Optimized time constants from tting pump-probe data at 625 nm, as shown

in Figure 3.3ef

Sample 1 (ps) 2 (ps)
1 2433.6+ 138.7 83.0+ 13.4
2 1862.4+ 70.9

1+1In,03 1.83+ 0.03

2 +1n 703 1.41+ 0.05
* The weights associated with 1 and ; are -0.79 and -0.18, respectively.

3.4 Discussion

3.4.1 Excited state dynamics of dye + In  ,03 samples

An excitation wavelength of 500 nm was selected for the pump-probe studies because it is
below the absorption onset for InO3, and compoundsl and 2 have a large absorption
cross-section at this wavelength (Figure A.2). Consequently, 500 nm excitation light
selectively excites the dye molecules to their excited singlet ¢$ state. For compounds

1 and 2 in DCM (Figure 3.3), the OD spectrum did not change shape with the delay
time, and the amplitude was observed to drop and approach the baseline within the
maximum measured time delay. As all bands were seen to drop in amplitude together,
the pump-probe data indicate that the excited-state dynamics of compoundd and 2

involve excitation to the S; state and a subsequent decay back to the ground state.
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The tting wavelength was chosen to be 625 nm because the amplitude change at this

wavelength is expected to arise from SE, with minimal interference from other excited-
state signal origins.

In the dye + In ,03 NC samples, the rapid loss of the initial dye excited state, as
indicated by the rapid decay of the SE bands, suggests the presence of a new deactiva-
tion pathway in addition to the singlet decay back to the ground state. The appearance
of cationic absorption peaks of compoundd and 2 around 540 nm indicates that the
oxidation of the photoexcited dye molecules occurs in the presence ofJ@3 NCs, sug-
gesting electron transfer from the photoexcited dyes to the NC. The absorption of the
cation overlaps with the ESA signal in the dye + In,O3 NC samples. The peak was
initially broad; it was observed to change and take a shape that more closely resembles
the cation (Figure A.8) at about the same time it takes the SE peak to decay to the
baseline. This suggests that the loss of the dye excited state occurs through direct elec-
tron transfer from the dye to NC, and as no evidence for an intermediate was observed,

we use the loss of SE (loss fori$as a measure of electron transfer.

3.4.2 Comparing electron transfer to In »03 and ZnO NCs

Excited state dynamics of dye + In,O3 NC and dye + ZnO NC samples (Figure A.9)
involve electron transfer from the photoexcited dyes to the respective NCs. The electron
transfer time constants for both systems were obtained at low dye:NC ratios (1:1 for dye
+ ZnO NCs and 1:2 for dye + In,0O3 NCs), at which aggregates are not expected to
form. Additionally, no evidence of aggregation was observed in the absorption spectra.
Therefore, these time constants can be considered the electron transfer time constants
in the absence of aggregation, allowing for a direct comparison of electron transfer from
1 and 2 to In,0O3 and ZnO NCs.

The electron transfer in the dye + In,O3 NC system was found to be 7.9-8.1 times
faster than electron transfer to ZnO NCs. The dierence in electron transfer rates is

considered in the context of Marcus theory applied to a continuum of acceptor states.
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In dye-NC systems, photoinduced electron transfer takes place from discrete molecular

states of the photoexcited dye molecules to the continuum acceptor states of the NC
conduction band. The electron transfer rate between the excited dye (electron donor)
and the NC (electron acceptor) can be expressed as the sum of the electron transfer rates

to all thermodynamically accessible states in the conduction band of NC! as shown in

Equation 3.2:
Ket = 2“1 dE (E)L f(E:Er)iHE)P—t_ expl " S *E 35
et — — 1 yEF J J VW p 4kBT '

In Equation 3.2 ke is the electron transfer rate constant, (E) is the acceptor density
of states at energyE above the CBM, H (E) is the electronic coupling between the
excited donor state and the acceptor energy levels with enerdy, f (E; EF) is the Fermi
occupancy factor, T is the temperature in Kelvin, and G is the free energy di erence
between the CBM of the acceptor and the excited state of the donor.

For wide band gap semiconductor NCs such as ZnO and #®3, f (E;E¢) is con-
sidered to be zero at room temperature because the band gap is much larger théit,
meaning the thermal energy is not su cient to excite electrons across the band gap.
To compare electron transfer rates ofl and 2 to ZnO and In,O3 NCs, we initially as-
sume similar electronic couplingH (E) for both systems as we are using the same dye
molecules and have similar carboxylic acid to metal binding. Thus, the di erences in
electron transfer rates are largely attributed to di erences in the density of acceptor
states (E).

According to Equation 3.2, electron transfer to NC states at below the excited
state energy of the dye E(S1)) o ers zero barrier. The acceptor density of states in the
conduction band, (E), at this energy, satis es the condition for barrier-less transfer and
dominates the overall electron transfer rate. Given that electron transfer to InOz NCs
was 7.9-8.1 times faster than to ZnO NCs (Table 3.1), and as molecules similar tband

2 are reported to have reorganization energies () of approximately 0.2 eV 199 suggests
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that the (E) of InoO3 NCs satisfying barrierless electron transfer is 8 times greater

than that of ZnO NCs. Figure 3.4 illustrates the relative energies of the dye excited
states and the conduction bands of ZnO and IpO3 NCs and (E) that determine the

electron injection rate. Electron transfer from 2, which has slightly higher excited state
energy, was faster thanl to both In,03 and ZnO NCs. This is consistent with the idea
that (E) increases withE above the CB minimum and, therefore, a larger density of

states at energy below § for 2 compared to1 .

Figure 3.4: lllustration of the acceptor density of states () in the CB of In,0O3 and ZnO
NCs satisfying the barrier-less electron transfer condition when bound td and 2. The
CB minimum energy of In,O3 NC was calculated by Prof. Gladfelter and his students,
and the CB minimum energy of ZnO NC and the excited singlet energy ofl and 2 were

taken from previously reported values?

We acknowledge that assumingH (E) to be the same for both systems could be an
oversimpli cation. There are di erences between the two systems, such as the charge on

the metal ions (+2 for Zn and +3 for In), which can impact the strength of interaction
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with the carboxylate end group of the dyes. The water exchange rate constant, which

gives the rate at which water molecules are exchanged between the inner coordination
sphere of a metal and the bulk solution, reported for ZA* is slightly higher than that

of In®" 110 suggesting potentially stronger interactions between IA* and oxygens of the
binding group. This could contribute to di erences in H(E). However, assuming that

H (E) is similar for both systems provides a starting point for analyzing electron transfer
between the two systems. A more accurate estimate dfl (E) using advanced computa-
tional methods would enable a more comprehensive analysis of the factors responsible

for the di erences in electron transfer rates observed between ZnO and $®3 NCs.

3.5 Conclusion

Photo-induced electron transfer from dye moleculed4 and 2 to colloidal In,O3 NCs was
studied using pump-probe spectroscopy. The dye:NC ratio was kept low to minimize
aggregation. Time constants of 1.83 0.03 ps and 1.41+ 0.05 ps were obtained for
electron transfer from1 and 2 to In,03 NCs, respectively. Comparing these results with
Zn0O NCs revealed 7.9-8.1 times faster electron transfer to h©z NCs. This di erence
is mainly attributed to the higher density of acceptor states energetically coincident
with barrierless electron transfer in the dye + In,O3 system compared to the dye +
ZnO system. Future investigations will explore energy transfer from dyes with low-lying
excited states and from triplet states to In,O3 NCs. The lower excited state energy of
these dyes could lead to the barrierless condition not being met or a lowe(E) satisfying
the barrierless transfer condition, suggesting slower electron transfer compared foand
2. However, the ability of to In,O3 to access these low-lying states can potentially be

very useful, especially in the context of accessing triplet states formed via SF.



Chapter 4

Investigating PDI Aggregation on
ZnO Nanocrystals: E ects of

Surface Coverage

4.1 Introduction

Dye-nanoparticle (NP) systems, which consist of dyes bound to semiconductor NPs,
are used in applications such as photocatalysis and solar cefl§?° These systems aim
to harness the desirable properties of both components: the e cient light absorption
of dyes and the unique electronic properties of NPs, like their tunable bandgap, while
achieving new functionalities, such as e cient charge separatior?.

Understanding interactions between dye molecules is essential for designing e cient
dye-NP systems for light harvesting applications. NPs o er a large surface area for
binding numerous dye molecules, thereby enhancing light absorption. However, the rel-
atively high e ective concentration of the dyes, when bound at the surface, can lead

to the formation of aggregates. Intermolecular interactions within these aggregates can

a7
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signi cantly alter the electronic structure of the dye, impacting their excited state dy-

namics and e ciency of light absorption.1! However dye-dye interactions are required
for processes such as singlet ssion (SF) and triplet-triplet annihilation (TTA) which
involve more than one dye molecule. Both SF and TTA have the potential to improve
solar energy conversiort!? 113 As dye aggregation is sometimes bene cial and at other
times detrimental, it is crucial to be able to understand and potentially control aggre-
gation, i.e., design systems that form aggregates when desired and prevent it when it is
counterproductive.

Many e ective dyes are conjugated molecules with a roughly planar core, which tend
to form aggregates and excimerd* 114 Interactions between dye molecules characterize
both aggregates and excimers, but there are important distinctions between the two.
Aggregates are ground-state assemblies of two or more dye molecules in close spatial
proximity, allowing for intermolecular interactions that result in changes to spectro-
scopic observables. Excimers, in contrast, are excited states formed by the interaction
of an excited molecule with dye molecules in their ground state, resulting in a delo-
calized excited state where excitation is shared across multiple molecules. Excimers
are typically dissociated in the ground statel’® Perylene diimide (PDI)-based systems
are representative examples of molecules with an extensive system and are known to
form H-, J-type aggregates and excimer state®:116.117 ppJs are also of interest as
singlet ssion systems!!®11° Previous studies on PDI systems have provided insights
into the aggregate and excimer formation by PDI monomers and covalently-linked PDI
oligomers in solutions and Ims>57:120123 Here, the term "PDI monomer" refers to PDI
structures with only one PDI unit, distinguishing them from PDI oligomers, which have
multiple PDI subunits covalently linked. However, in the rest of the paper, we use "PDI
monomer" to refer to individual PDI molecules that do not interact with other PDIs.

As aggregation can signi cantly impact the excited state dynamics, it is important to
develop methods to control aggregation. The commonly used approach involves the syn-

thetic modi cation of the dye. For instance, the addition of bulky substituents is known
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to hinder aggregation. A study on PDI - SiO, NP systems has examined the packing of

PDI molecules on the NP surface and has shown that the nature of substituents dictates
the strength of interaction between neighboring PDIs, and the PDI derivative with less
bulky substituents at the imide and bay positions forming excimerst?*

Another potential way of controlling aggregation is by changing the surface coverage.
This study investigates the aggregation of PDI molecules over colloidal nanocrystals
(NCs) as a function of surface coverage. Using colloidal NCs allows control over surface
coverage by changing the dye:NC ratio. We used a PDI derivative, PDI-COOH (Figure
4.1), which has a carboxylic acid end group that enables binding to zinc oxide (ZnO)
NCs. The ndings of this study reveal that the binding of PDI-COOH to the ZnO NC
surface promotes aggregation and excimer formation on the NC surface. By varying the
PDI-COOH:ZnO NC ratio, the study examines how aggregation behavior changes as a
function of the ratio, providing insights into the organization of molecules at the NC
surface. This approach can provide insights on the onset and progression of aggregation,
especially at low coverages, which is not well understood. Studying aggregation at
low coverages has implications for a general understanding of aggregation on surfaces,

including mechanisms, the role of binding, and molecular alignment.

Figure 4.1: Structure of PDI-COOH
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4.2 Experimental section

Materials . Commercially available reagents and chemicals were purchased from Sigma-
Aldrich: 3-iodobenzoic acid, bis(pinacolato)diboron, PdCh(dpp), palladium on carbon
(Pd/C) 10 wt.%, tetrakis(triphenylphosphine) palladium(0), Perylene-3,4,9,10 tetracar-
boxylic dianhydride, tridecan-7-amine, 3-iodoaniline, and Imidazole. All solvents, in-
cluding those used for column chromatography, were purchased from Fisher Scienti c.
All chemicals were used as received. Syntheses were performed under nitrogen unless
otherwise stated. Silica gel, technical grade, 60 A, 70 - 230 mesh, was used for column
chromatography. 'H NMR and 3C NMR spectra were recorded on a Bruker Avance
[1l HD nanobay AX-400, 400 MHz 'H (*3C 100 MHz) spectrometer. Chemical shifts in
NMR are reported in parts per million (ppm, ). *H NMR chemical shifts were refer-
enced to the residual proton signal in CDC} ( = 7.26 ppm) or DMSO-d6 ( = 2.50
ppm), and 13C NMR chemical shifts were calibrated using CDC} ( = 77.16 ppm), )
DMSO-d6 ( = 39.52 ppm) as an internal reference.

Benzyl 3-iodobenzoate (1): To a solution of 3-iodobenzoic acid (3.0 g, 12.09
mmol) in dimethylformamide (DMF, 25 mL), potassium carbonate (K,CO3, 5.0 g, 36.27
mmol) was added and stirred for 30 min followed by dropwise addition of benzyl bromide
(2.15 mL, 18.14 mmol). The resulting mixture was kept overnight at 60°C. The solution
was concentrated under reduced pressure and dissolved in ethyl acetate. The organic
phase was washed with water and brine, dried over N&O4, and concentrated under
reduced pressure. The product was puri ed by silica gel column chromatography using
hexanes/CH,Cl, (80:20, v/v) as an eluent. Evaporation of the solvent yielded as colorless
oily compound. Yield: 3.67 g (89.73%).1H NMR (400 MHz, CDCl3):  8.41 (m, 1H),
8.05 (dt, J = 7.8, 1.4 Hz, 1H), 7.90 (ddd, J = 7.9, 1.8, 1.1 Hz, 1H), 7.47 7.34 (m, 5H),
7.19 (t, J = 7.8 Hz, 1H), 5.37 (s, 2H). 13C NMR (100 MHz, CDCl3):  165.09, 142.02,
138.66, 135.82, 132.17, 130.21, 129.03, 128.81, 128.57, 128.47, 93.96, 67.24. HRMS (ESI):
m/z calcd for C14H11INaO, [M + Na] *: 360.9701; found: 360.9705.
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Benzyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate (2): In the
dry and N2 purged Schlenk ask containing 1 (0.7 g, 2.07 mmol), bis(pinacolato)diboron
(2.10 g, 8.28 mmol), potassium acetate (KOAc, 1.20 g, 12.42 mmol) and Pdgtppf)
(100 mg, 0.1 mmol) were suspended in 25 mL of dry DMF and stirred for 12 h at 90
°C. The reaction mixture was cooled to room temperature and extracted twice with 150
mL of a x to y mixture of water and ethyl acetate. The organic phase was concentrated
and puri ed by column chromatography on silica gel with using hexanes/ethyl acetate
(80:20, v/v) as an eluent. Product was yellowish oily liquid. Yield: 600 mg (85.71%).
1H NMR (400 MHz, CDCl3): 8.52 (m, 1H), 8.17 (dt, J = 7.8, 1.6 Hz, 1H), 8.00 (dt, J
=7.4,1.3 Hz, 1H), 7.48 7.33 (m, 6H), 5.39 (s, 2H), 1.36 (s, 12H)3C NMR (100 MHz,
CDCl3): 166.68, 139.44, 136.29, 136.06, 132.56, 129.69, 128.70, 128.40 (2C), 128.33,
127.92, 84.23, 66.77, 25.00. HRMS (ESI): m/z calculated for fgH23BNaO,4 [M + Na] *:
361.1587; found 361.1589.

N-(3-lodophenyl)N  “ -(1-hexylheptyl)perylene- 3,4,9,10-tetra-carboxylic Di-
imide (3): Inthe dry and N, purged Schlenk ask containing perylene-3,4,9,10 tetracar-
boxylic dianhydride (1.0 g, 2.54 mmol) and imidazole (10 g, 146.89 mmol) was sealed
with a rubber septum. 3-iodoaniline (0.34 mL, 2.80 mmol) and 1-hexylheptylamine (0.70
mL, 2.80 mmol) were added via syringes and heated reaction mixture at 13 for 2 h.
The mixture was allowed to cool room temperature, diluted with CHCl, (100 mL) and
sonicated for 10 min. After washing with aqueous HCI (2M, 100 mL), extracted with
CH>Cl; (2 x 100 mL) and dried over NgS0O,4. Concentrated under reduced pressure and
puri ed by silica gel column chromatography using hexane/ CHCl, (50-100%, v/v) as
an eluent. Evaporation of the solvent yielded compound as a red solid powder. Yield
0.55 g (27.91%). *H NMR (400 MHz, CDCl3) 8.90 8.53 (m, 8H), 7.89 7.82 (m,
1H), 7.73 (t, J = 1.7 Hz, 1H), 7.42 7.29 (m, 2H), 5.20 (s, 1H), 2.26 (m, 2H), 1.92
1.82 (m, 2H), 1.34 1.19 (m, 16H), 0.84 (t, J = 6.6 Hz, 6H). HRMS (ESI): m/z calcd
for C43H39IN2O4 [M + Na] *: 774.20; found 774.3.

N-(benzyl[1,1'-biphenyl]-3-carboxylate)-N'-(hexylheptyl)perylene-3,4,9,10
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tetracarboxylic Diimide (4): In a 50 mL round-bottom ask containing 2 (80 mg,

0.24 mmol), 3 (201.6 mg, 0.26 mmol), Pd(PPB)4 (13.6 mg, 0.012 mmol) and dry
K,CO3 (97.84 mg, 0.71 mmol) dissolved in 20 mL of THF/Water (1:1) mixture and
kept on stirring with re ux for 48 hours under N, atmosphere. Reaction monitored
using thin layer chromatography (TLC). The resulting reaction mixture was extracted
with dichloromethane and water (500 mL  3) and dried over NSO, and then con-
centrated in vacuo. The crude product was puri ed by silica gel chromatography using
hexanes:ethyl acetate (10:1). Yield: 171 mg, 84%'H NMR (400 MHz, CDCl3) 8.82

8.61 (m, 8H), 8.40 8.33 (m, 1H), 8.08 (dt, J = 7.8, 1.3 Hz, 1H), 7.85 (dt, J = 7.8,
1.4 Hz, 1H), 7.77 (dt, J = 7.8, 1.4 Hz, 1H), 7.68 (t, J = 7.8 Hz, 1H), 7.62 (m, 1H), 7.56

7.44 (m, 3H), 7.43 7.30 (m, 4H), 5.40 (s, 2H), 5.20 (ddd, J = 15.1, 9.3, 5.8 Hz, 1H),
2.26 (dt, J = 14.1, 9.5 Hz, 2H), 1.87 (dt, J = 13.9, 5.6 Hz, 2H), 1.41 1.17 (m, 16H),
0.84 (t, J = 6.8 Hz, 6H). HRMS (MALDI): m/z calcd for C 57H50N2O0g [M ]* : 858.36609;
found 858.4.

N-(1,1'-biphenyl]-3-carboxylic acid)-N'-(1-hexylheptyl)perylene -3,4,9,10
tetracarboxylic Diimide (5): Compound 4 (80 mg, mmol) dissolved in methanol and
CH2Cl> mixture (20 mL, 3:1, methanol:CH,Cl,). 10% Pd-C (15% w/w) was added in
the reaction mixture and stirred under H,. Reaction monitored using thin layer chro-
matography (TLC) and extra 10% Pd-C (15% w/w) added after 14 hours, and reaction
kept on stirring for next 36 hours. After completion, the reaction mixture was diluted
with 50 mL methanol and Pd-C removed ltration. Reaction mixture concentrated in
vacuo. The compound was puri ed by silica gel chromatography using ChHICl,/CH 30H
(90:10, v/v) as an eluent. Evaporation of the solvent yielded compound as a red solid
powder. Yield: 48 mg (67%).'H NMR (400 MHz, CDCl3) 8.90 8.54 (m, 8H), 8.37
(s, 1H), 8.08 (d, J = 7.7 Hz, 1H), 7.89 (d, J = 7.8 Hz, 1H), 7.78 (d, J = 7.7 Hz, 1H),
7.73 7.63 (m, 2H), 7.54 (t, J = 7.8 Hz, 1H), 7.40 (dd, J = 7.8, 1.9 Hz, 1H), 5.21 (td, J
= 9.7, 4.9 Hz, 1H), 2.26 (dt, J = 14.0, 9.5 Hz, 2H), 1.88 (dq, J = 13.7, 4.8 Hz, 2H), 1.39

1.11 (m, 16H), 0.90 0.75 (m, 6H). HRMS (MALDI): m/z calcd for C 50H44N20g [M
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1" : 768.3199; found 768.4.

Electrochemical Measurements: Electrochemical measurements were performed
with a Pine Research Instrumentation WaveNow USB potentiostat using methods previ-
ously described!'® Suitable amounts of sample were added to create 0.5-0.6 mM solutions.
Di erential pulse voltammograms were recorded on a Gamry PCI4/300 Potentiostat with
the following conditions: step size: 4 mV; pulse size: 25 mV; sample period: 0.5 s; and
pulse time: 0.1 s. Ag/AgCl was used as the reference electrode.

Absorption measurements of PDI-COOH in solution: All PDI-COOH solu-
tions were prepared from a stock solution of concentration 2.69 10 4 M. Measurements
were taken on an Ocean Optics USB4000 Fiber Optic Spectrometer. Absorbance mea-
surements for solutions with concentrations of 2.5 10 ® M and higher were taken in
a 1 mm quartz cuvette, while those with lower concentrations were measured in a 1
cm quartz cuvette. The solvent used for the study was dichloromethane (DCM). DCM
(GC/MS grade) was bought from Fisher Scienti ¢ and used as received.

Fluorescence quantum yield measurements: The uorescence quantum yields
( ) of PDI-COOH and PDl-ester in dichloromethane, were measured and quanti ed
using 4 (Dicyanomethylene) 2-methyl-6-(4-dimethylaminostyryl)-4H-pyran (DCM) in
ethanol as the external standard (s = 0.435).1%°> The samples were excited at 490
nm and had absorbances of 0.047-0.054 in a 1 cm cuvette at the excitation wavelength.
The emission spectra of the solutions were collected using a Fluorolog-3 Spectro uorom-
eter at 90° relative to the excitation beam.

Preparation of PDI-COOH + ZnO NC samples: All samples had the same
PDI-COOH concentration of 7.69 10 ® M. ZnO NC concentrations were varied to
create samples with di erent ZnO to PDI ratios. The ratio of 20.3:1 had the highest ZnO
NC concentration of 1.56 10 4 M, while the ratio of 1:6.7 had the lowest concentration
of ZnO NC concentration at 1.15 10 ® M. All solutions were prepared in DCM.

Once prepared, the same sample was used for absorption, uorescence, TCSPC, and

pump-probe measurements. All measurements were made using a 2 mm cuvette. The
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absorbance of the samples changed with ZnO NC concentration due to aggregation and

ranged between 0.07-0.12 OD at 490 nm.

Steady state absorption and uorescence measurements: Absorption spectra
of all PDI-COOH + ZnO NC samples were measured using a CARY 4000 spectropho-
tometer. All emission spectra were measured using a Spex Fluorolog Fluorimeter in a
front-face setup.

Time correlated single photon counting (TCSPC): A PicoQuant diode laser
was used to generate a 470 nm, 20 MHz beam with an energy per pulse of 24 pJ. The
laser beam was directed towards the sample using a series of mirrors. Emissions from
the excited samples were collected at 530 nm and 620 nm. The instrument response
function was measured to be 478 ps (Gaussian, FWHM).

Ultrafast pump probe measurements: All ultrafast experiments were performed
using a home-built laser system described in section 2.1. A noncollinear optical para-
metric ampli er (NOPA) was used to generate a pump pulse centered at 490 nm and
10 nm wide (Gaussian, FWHM). A continuum pulse spanning 420-800 nm, used as the
probe, was produced by focusing 800 nm pulse into a 2 mm sapphire plate. The pump
power at the sample was between 20-25W, and it was focused to a spot of diameter 220

pm (Gaussian, FWHM). The instrument response time was 110 fs (Gaussian, FWHM).

4.3 Results

4.3.1 Computational structure prediction

The structures of PDIl-ester and PDI-COOH were optimized using density functional
theory (DFT) with the B3LYP functional and 6-31G(d,p) basis set in Gaussian 16 soft-
ware?® The optimized structures are shown in Figures A.33 and A.34. The alkyl chain
(-CH(CgH13)2 and phenyl group, attached to the imide nitrogens, were found to be out
of the plane of the PDI  system for both PDI-COOH and PDI-ester. The angle
(Figures A.33 and A.34) between the PDI core and the alkyl chain was determined to
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be 11F, while the angle between the phenyl group and the PDI core was found to be

12 for both PDI-COOH and PDl-ester.

4.3.2 Electrochemistry

The reduction potentials of the PDI molecules are presented in Table 4.1, and their cyclic
voltammograms are shown in Figure A.23. Both PDI-ester and PDI-COOH exhibited
two one-electron reductions. The reduction potentials of these molecules were nearly

identical and in good agreement with values reported for PDI derivativest?”

Table 4.1: Redox potential values

0 a 0 b
Molecule red edr V

PDl-ester | -0.60, -0.80| -4.13, -3.93

PDI-COOH | -0.61, -0.80| -4.12, -3.93
a Potentials vs Ag/AgCl in 0.1 M TBAPF &/CH ,Cl, solution.

b potentials relative to vacuum.128

4.3.3 Absorption measurements of PDI-COOH in solution

Figure 4.2a presents the absorbance spectra of PDI-COOH samples in the concentration
range of 10  to 10 4 M in DCM. The absorption spectra displayed a distinct vibronic
progression with 0-0, 0-1, and 0-2 vibronic peaks at 526, 490, and 458 nm, respectively.
The energetic spacing of the vibrational progression is 1400 cm !, which has been
assigned to the out-of-phase C-C stretching mode of the perylene aromatic cot®’ The
scaled absorption spectra (Figure 4.2b) revealed no signi cant change in the ratio of the

intensity of the vibronic bands within this range of concentration.
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Figure 4.2: (a) Absorption spectra of PDI-COOH in DCM (b) Scaled absorption spectra.

4.3.4 Absorption spectra of PDI-COOH + ZnO NC samples

Figure 4.3a presents the absorption spectra of PDI-COOH and PDI-COOH + ZnO
NC samples, all having the same PDI-COOH concentration of 7.69 10 ® M. The inset
depicts the change in the intensity ratio of the 0-0 and 0-1 bands for all samples. Minimal
shift in wavelength was observed upon attachment to the NCs. As the PDI-COOH:ZnO
NC ratio increased, the intensity of the 0-0 peak decreased relative to the 0-1 peak.
The absorbance spectra of samples with low PDI-COOH:ZnO NC ratio (1:20.3, 1:12.6,
1:6.3) had a similar shape as the PDI-COOH (no NC), with the 0-0 peak being more
intense than the 0-1 peak. For samples with PDI-COOH:ZnO NC ratio>1 (1.4:1, 2.9:1,
and 6.7:1), an inversion of peak intensities occurs, with the 0-1 band becoming more
intense compared to the 0-0 peak. The drop in the & o/A ¢ 1 ratio was seen to initially
decrease slowly for samples 1:20.3 to 1:6.3, after which it dropped steeply until 2.9:1,

before leveling o.

4.3.5 Emission spectra of PDI-COOH + ZnO NC samples

The emission spectrum of PDI-COOH in DCM (Figure 4.3b) displays a distinct vi-

bronic progression characteristic of PDI monomers, with peaks at 536, 578, and 627
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Figure 4.3: (a) Absorption and (b) emission spectra of PDI-COOH and PDI-COOH +
ZnO NC samples in DCM. The ratio of the absorbance of the rst two vibronic peaks
(Ao o/A o 1)is shown in the inset. The PDI-COOH + ZnO NC samples are represented
as x.y, where x and y indicate the ratio of PDI-COOH and ZnO NC concentration in

the sample, respectively.

nm.12° The uorescence quantum yield was determined to be 0.58. The emission spec-
tra of PDI-ester (Figure A.24b) in DCM showed a very similar shape to PDI-COOH,
with a quantum vyield of 0.65. Upon adding ZnO NC, a new broad peak emerges, red-

shifted compared to the monomer emission. This broad emission band has been observed
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Ims, 98121 and covalently-linked oligomers3%131 As the PDI-COOH:ZnO NC ratio in-

creased, the intensity of PDI monomer emission peaks was observed to decrease, while
the broadband emission centered around 635 nm increased in intensity. For samples
with PDI-COOH:ZnO NC ratios higher than 1:12.6, the overall emission intensity was

observed to decrease as the broad band got stronger and monomer emission weakened.

4.3.6 Time correlated single photon counting (TCSPC)

Time-resolved emission from the samples was measured using TCSPC (Figure 4.4). The
samples were excited at 470 nm, and emission was collected at 530 nm, where PDI-
COOH monomers emit, and 620 nm, where the emission comes predominantly from
the red-shifted, new broad band that appears in the PDI-COOH + ZnO NC samples.
The time constants obtained from tting the data at both wavelengths are presented in
Tables 4.2 and 4.3. Emission from PDI-COOH, collected at 530 and 620 nm, exhibited

a single decay with time constants of 3.66 0.01 ns and 3.59 0.02 ns, respectively.

Table 4.2: Time constants from tting TCSPC data collected at 530 nm

Sample 1 (nS) 2 (ns) Wy | Wo
PDI-COOH | 3.66 0.01
1:20.3 3.233 0.01
1:12.6 3.26 0.01

1:6.3 3.26 0.01
1:2.1 3.61 0.02 |1.25 0.03|0.74| 0.26
1.4:1 344 001|070 0.01|0.61|0.39
291 3.22 001|034 0.01|0.42]|0.58

6.7:1 3.68 0.01|0.25 0.01|0.37|0.61
*Weights have been normalized such that w + w, = 1

At 530 nm, samples 1:20.3, 1:12.6, and 1:6.3 had decay curves at 530 nm that t

well with a mono-exponential function, yielding time constants of 3.2-3.3 ns, similar to
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